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Selective estrogen receptor (ER) modulators 
(SERMs) are ER ligands whose relative agonist/ 
antagonist activities vary in a cell- and promoter- 
dependent manner. The molecular basis underly- 
ing this selectivity can be attributed to the ability of 
these ligands to induce distinct alterations in ER 
structure leading to differential recruitment of co- 
activators and corepressors. Whether SERM activ- 
ity is restricted to synthetic ligands or whether 
molecules exist in vivo that function in an analo- 
gous manner remains unresolved. However, the 
recent observation that oxysterols bind ER and 
antagonize the actions of 17/3-estradiol (E2) on the 
vascular wall suggests that this class of ligands 
may possess SERM activity. We demonstrate here 
that 27-hydroxycholesterol (27HC), the most prev- 
alent oxysterol in circulation, functions as a SERM, 
the efficacy of which varies when assessed on 
different endpoints. Importantly, 27HC positively 



regulates both gene transcription and cell prolifer- 
ation in cellular models of breast cancer. Using 
combinatorial peptide phage display, we have de- 
termined that 27HC induces a unique conforma- 
tional change in both ERa and ER0, distinguishing 
it from E2 and other SERMs. Thus, as with other ER 
ligands, it appears that the unique pharmacologi- 
cal activity of 27HC relates to its ability to impact 
ER structure and modulate cofactor recruitment. 
Cumulatively, these data indicate that 27HC is an 
endogenous SERM with partial agonist activity in 
breast cancer cells and suggest that it may influ- 
ence the pathology of breast cancer. Moreover, 
given the product-precursor relationship between 
27HC and cholesterol, our findings have implica- 
tions with respect to breast cancer risk in obese/ 
hypercholesteremic individuals. [Molecular Endo- 
crinology 22: 65-77, 2008) 



THE ESTROGEN RECEPTOR (ER) is a member of 
the nuclear hormone receptor superfamily of li- 
gand-inducible transcription factors. Upon ligand 
binding, ER undergoes a conformational change that 
facilitates receptor dimerization, DNA binding, recruit- 
ment of transcriptional coregulators, and modulation 
of target gene expression. There are two genetically 
distinct ER isoforms (a and )3) that differ in terms of 
their expression patterns, ligand binding preferences, 
and biological activities (1-3). Although specific bio- 
logical responses have been attributed to agonist- 
activated ERa or ER)3, it is also clear that in cells where 
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both receptors are expressed, ERj3 functions to 
dampen ERa transcriptional activity (4). Thus, the 
pharmacological response of target cells to estrogens 
and antiestrogens represents the composite activities 
of both receptors acting as homodimeric or het- 
erodimeric complexes. 

Among the endogenous estrogens, 17j3-estradiol 
(E2) is the most potent and functions as a ligand for 
both ERa and ER/3 (5). However, in postmenopausal 
women, estrone (E1) and estriol (E3) are also likely to 
be important ER ligands. Besides differences in their 
pharmacokinetic properties, it is generally considered 
that the mechanism of action of these endogenous 
estrogens is similar. This result is in contrast to what 
has emerged from studies aimed at developing new 
classes of ER agonists and antagonists. From these 
efforts have emerged the selective ER modulators 
(SERMs), compounds whose relative agonist/antago- 
nist activities are manifest in a cell- and promoter- 
selective manner. The molecular basis of SERM activ- 
ity is now well established and has been attributed to 
the ability of these molecules to induce different 
changes in receptor architecture, an event that engen- 
ders the recruitment of functionally distinct cofactors. 
Until recently, it was not anticipated that there were 
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any endogenous molecules with SERM-iike activity. 
However, the recent observation that the oxysterol 
27-hydroxycholesterol (27HC) is a bona fide ER ligand 
that displays partial agonist activity in the vasculature 
of ovariectomized mice has raised the possibility that 
the SERM concept may extend to endogenous ligands 
(6). 

Oxysterols are hydroxylated metabolites of choles- 
terol that have been previously described as ligands 
for nuclear receptors, most notably for liver X receptor 
(LXR) (7). These molecules are produced in many cell 
types as primary and secondary metabolites of cho- 
lesterol. Outside the liver, cholesterol can be hydroxy- 
lated via the acidic bile acid synthesis pathway, a 
process that is initiated by the cytochrome P450 en- 
zyme CYP27A1 (8). This enzyme catalyzes the con- 
version of cholesterol to 27HC, the principal endoge- 
nous oxysterol (Fig. 1), which can then be further 
metabolized by CYP7B1 into more polar bile acid in- 
termediates (9). Of interest to us was the observation 
that oxysterol concentrations are particularly high in 
the vasculature, where the role of ER has been well 
established (10-13). In the cardiovascular system, 
both macrophages and endothelial cells express 
CYP27A1 and can convert cholesterol to 27HC. This is 
particularly evident in atherosclerotic lesions where 
resident macrophages exist. It is not surprising, there- 
fore, given its ability to bind ER, that 27HC has estro- 
genic activities in the vasculature (6). 

Of particular interest is the observation that the 
presence of infiltrating macrophages in breast cancer 
is associated with decreased disease-free survival 
(14). This raises the possibility that local production of 
estrogenic oxysterols by tumor-associated macro- 



phages may have an impact on the biology of ER- 
positive breast cancer. This prompted us to define the 
molecular pharmacology of 27HC in established cel- 
lular models of estrogen action, a first step in evalu- 
ating its role in the pathobiology of ER-positive breast 
tumors. 



RESULTS 

27HC Regulates ERa Transcriptional Activity 

We previously determined that 27HC is an ER ligand 
that inhibits both the genomic and nongenomic ac- 
tions of E2 in the cardiovascular system (6). In this 
study, we focus on defining the molecular mecha- 
nisms underlying the distinct pharmacological action 
of 27HC in a variety of cellular models of estrogen 
action. Our first objective therefore was to evaluate the 
ability of 27HC to regulate the transcriptional activity of 
ERa. For the initial studies, we elected to measure the 
transcriptional response of this ligand on a classic 
estrogen response element (ERE) using a well-defined 
system of transfected receptor and reporter in ER- 
negative mammalian cell lines. In this experiment, 
HeLa cells were transiently transfected with ERa and 
an ERE-luciferase (3XERE-TATA-Luc) reporter. As ob- 
served in Fig. 2, 27HC induced transactivation of ERa 
in a dose-dependent manner. Notably, the maximal 
transcriptional activity of ERa in the presence of 27HC 
did not reach that induced by E2. The dose-response 
curve is shifted to the right, reflecting the difference in 
affinity of this compound for ERa (27HC K, = 1 .32 /xm, 
E2 K d = 0.1 nM) (2, 6). Similar results were obtained 




40HT 

Fig. 1. ER Ligand Structures 

Estrone (E1), E2, estriol(E3), 27-hydroxycholesterol (27HC), 4-hydroxy-tamoxifen (40HT), and ICI182.780 (ICI). 
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Fig. 2. Dose-Dependent Induction of ERa Transcriptional 
Activity by 27HC 

Transcriptional activity of ERa was examined in the human 
ER-negative cell line, HeLa. Cells were transfected overnight with 
an expression plasmid for ERa and a 3X-ERE-TATA-luc reporter 
and then treated overnight with vehicle or increasing doses of E2 or 
27HC or combinations of both as indicated. After treatment, cells 
were harvested and assayed for luciferase activity. Luciferase val- 
ues were normalized to /3-ga!actosidase control. Data are the 
mean ± sem for one representative experiment performed in trip- 
licate. The combinations of 0.5 nM E2 + 1 jllm 27HC and 0.5 nM E2 
+ 1 0 liM 27HC are significantly different from 0.5 nM E2 alone (P < 
0.05 and P < 0.001 by f test, respectively). 



with ER/3, and the findings were reconfirmed in both 
CV-1 and HepG2 cells, two additional ER-negative 
mammalian cell lines (data not shown). The concen- 
tration range at which 27HC activates ERa transcrip- 
tional activity is physiologically relevant, because the 
circulating concentration of 27HC ranges from 0.15- 
0.73 jiM in a healthy individual, and can reach a local 
concentration in the millimolar range within athero- 
sclerotic plaques in an individual with severe cardio- 
vascular disease (6, 9). In addition, 27HC levels in the 
mouse aorta were found to be 0.25-0.6 /am in the 
absence of disease, and notably over 30% of this 
27HC was unesterified (6). Interestingly, the K m of 
27HC for its catabolic enzyme, CYP7B1, is 24 jum, 
which is significantly higher than that required to sat- 
urate ERa (6). Knowing that 27HC can effectively com- 
pete with E2 for binding to ERa at physiological con- 
centrations in an in vitro binding assay (6), we next 
evaluated its ability to antagonize activation by E2. At 
a physiologically relevant E2 concentration (0.5 nM), 
increasing concentrations of 27HC reduced the E2- 
induced transcriptional activity of ERa (Fig. 2). These 
data were the first indication that 27HC may in fact be 
a classic partial agonist or a SERM, with both agonist 
and antagonist properties. 

27HC Elicits a Unique Conformational Change in 
the Structure of ERa 

The transcription assays performed above indicated 
that 27HC functioned as a partial agonist, eliciting a 



similar response as E2 albeit with lower efficacy. This 
prompted us to determine whether or not there were 
mechanistic differences between 27HC and E2 that 
may help to define its pharmacological identity. One 
hallmark of ER ligands is that they elicit specific con- 
formational changes within the receptor that dictate 
their biological response. These ligand-induced con- 
formational changes can be identified using specific 
peptide conformational probes that bind to differen- 
tially exposed protein-protein interaction surfaces (1 5). 
Using peptides recognizing either the coactivator or 
corepressor binding surfaces on the receptor, it is 
possible to determine the likelihood that a given ligand 
will function as an agonist or an antagonist. We have 
previously identified peptides that bind specifically to 
ERa in the presence of E2, the SERM 4-hydroxy- 
tamoxifen (40HT), or the pure antiestrogen ICI 
182,780 (ICI) (16-18). Therefore, we used these previ- 
ously identified peptides to see whether the confor- 
mation of ERa induced by 27HC shared any similari- 
ties with those induced by other ligands. To this end, 
we analyzed by mammalian two-hybrid assay the in- 
teraction of ERa with this set of peptides in the pres- 
ence of vehicle, 27HC, E2, 40HT, or ICI. In this assay, 
ERa was fused to the VP16 transactivation domain, 
and the peptides were linked to the yeast Gal4 DNA- 
binding domain (Gal4DBD). Interaction between the 
receptor and peptide was assessed by measuring 
the transcriptional readout of a 5XGal4Luc3 lucif- 
erase reporter. This analysis revealed that the D30 
peptide binds only pure agonist-activated ERa, bT1 
binds ERa in the presence of 40HT, and bl2 binds 
the receptor in the presence of ICI (16, 17). As 
shown in Fig. 3A, 27HC also leads to recruitment of 
D30 to ERa, indicating that it induces a more ago- 
nist-like receptor conformation. 27HC-bound ERa 
does not adopt a conformation conducive to binding 
of bT1 or bl2, confirming our expectations that the 
conformational change induced by 27HC is similar 
to E2 and distinct from 40HT or ICI. 

We next performed combinatorial peptide phage 
display to identify peptide probes that could be used 
to evaluate the impact of 27HC on ERa structure 
and how this differs from E2-activated receptor. For 
this study, we screened a peptide library containing 
the LxxLL motif found in nuclear receptor (NR) co- 
activators (19). Additionally, because 27HC did not 
exhibit full agonist activity, we also screened a pep- 
tide library containing the CoRNR box motif charac- 
teristic of corepressor proteins (20, 21). Using a 
modified M 1 3 phage display screen (1 6), we isolated 
peptides from both libraries that interacted with 
27HC-bound ERa and classified these interacting 
peptides based on the ligands that elicited an inter- 
action with ERa. The binding profile of representa- 
tive peptides is shown in Fig. 3B. The majority of the 
peptides identified recognized the conformations of 
ERa bound by either 27HC or E2, with varying de- 
grees of selectivity for 27HC over E2. Some pep- 
tides interacted equally well with the receptor con- 
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Fig. 3. 27HC Induces a Unique Active Conformation of ERa 

ER-negative HepG2 cells were transfected overnight with VP16, VP16-ERa, a 5XGal4Luc3 reporter, the /3-galactosidase 
transfection control, and the following peptides: A, pM (vector control), D30, bT1, or bl2; B, pM, CDD.64, CDD.11, CDD.30, or 
CDD.2; and D, pM t SRC1-NR, ASC2-NR, AIB1-NR, or GRIP1-NR. After transfection, cells were treated overnight with ligands as 
indicated, including vehicle {Veh), 1 piM 27HC, 1 nM E2 f 100 nM 40HT, or 100 nM ICI. Cells were harvested and assayed for 
luciferase activity. Data are presented as raw luciferase values normalized to 0-galactosidase control values. No significant 
interaction occurred between VP16 and the peptides or between pM and VP16-ERa. Data are the mean ± sem for one 
representative experiment performed in triplicate. C, Sequences of select peptides identified in this study. 



formation induced by 27HC or E2 (CDD.64). 
Importantly, we also identified peptides that pre- 
ferred the conformation of ERa in the presence of 
27HC vs. E2 (CDD.11 and CDD.30) and were in- 
trigued by the finding that this group consisted of 
peptides containing either an LxxLL or a CoRNR box 
motif. Interestingly, we also found peptides that bind 
preferentially to 27HC- and 40HT-bound ERa but 
not E2-bound ERa (CDD.29). The sequence of this 
peptide contains the CoRNR box motif found in 
corepressors. It is known that 40HT-bound ERa 
recruits corepressor proteins, a key element of its 
ability to manifest antagonist activity. We concluded 
from these peptide binding studies that 27HC- 
bound ERa undergoes a conformational change that 
may allow for the recruitment of both coactivator 
and corepressor peptides and confirms that 27HC 
induces a unique active conformation of ERa. This 
may explain the partial agonist/SERM activity of this 
oxysterol. 



27HC-Bound ERa Recruits Coactivator Peptides 

In the presence of E2, the conformational change in 
ERa allows for the recruitment of peptides containing 
the NR interaction motifs found within coactivators 
such as steroid receptor coactivator 1 (SRC1), activat- 
ing signal cointegrator-2 (ASC2), amplified-in-breast 
cancer 1 (AIB1), and glucocorticoid receptor interact- 
ing protein 1 (GRIP1) (16). We therefore investigated 
whether the conformational change induced by 27HC 
also allows for the recruitment of these coactivator pep- 
tides. In ceils transfected with VP16-ERa, coactivator 
peptides fused to Gal4DBD, and a 5XGal4Luc3 lucif- 
erase reporter, treatment with E2 or 27HC, but not 40HT, 
led to recruitment of SRC1 -NR, ASC2-NR, AIB1 -NR, and 
GRIP1-NR to ERa (Fig. 3D). These data provided addi- 
tional support for the idea that 27HC is indeed an estro- 
gen capable of inducing an active activation function-2 
(AF-2) conformation and is likely to be a physiologically 
relevant estrogen in some contexts. 
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27HC Treatment Increases ERa Occupancy at 
the pS2 Promoter 

Although we have shown that 27HC, like E2, regulates 
ERa transcriptional activity, we sought to determine 
whether activation by 27HC allows the recruitment of 
ERa to DNA elements analogous to that seen with E2. 
Therefore, we performed chromatin immunoprecipita- 
tion in MCF7 cells to analyze ERa recruitment to the 
well-characterized pS2 promoter. Treatment for 45 
min with E2 or 27HC led to a significant recruitment of 
ERa to the ERE-containing region of the pS2 promoter 
(Fig. 4) and not to a distal non-estrogen-responsive 
DNA region as a negative control (data not shown). 

27HC Regulates Endogenous ERa-Target Gene 
Expression in MCF7 and T47D Breast Cancer Cells 

Given that 27HC displayed agonist behavior in the 
above assays and allows for recruitment of ERa to 
DNA response elements, we sought to determine 
whether 27HC acts as an agonist in ERa-positive 
breast cancer cell lines. Using the ERa-positive MCF7 
human breast cancer cell line, we analyzed by quan- 
titative RT-PCR (qRT-PCR) the ability of 27HC to reg- 
ulate ERa-target gene expression. Increasing concen- 
trations of 27HC led to target gene regulation similar to 
treatment with increasing concentrations of E2, albeit 
with lower efficacy in some cases, a reflection of its 
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Fig. 4. 27HOBound ERa Is Recruited to the ERE-Contain- 
ing Region within the pS2 Promoter 

Recruitment of ERa to the pS2 promoter was analyzed in 
MCF7 cells treated with vehicle (Veh), 100 nM E2, or 10 
27HC for 45 min. Cells were harvested after cross-linking and 
subjected to immunoprecipitation with either rabbit IgG con- 
trol (IgG) or ERa antibody (ERa). After reversal of the cross- 
linking, DNA was isolated and subjected to qRT-PCR analy- 
sis. There was no significant recruitment of ERa to a distal 
region of the pS2 promoter. There was significant recruitment 
of ERa to the ERE-containing region within the pS2 promoter 
in the presence of E2 (*, P < 0.0001 , f test) and 27HC (♦ , P < 
0.05, t test) when compared with vehicle. Data are the 
mean ± sem for triplicate amplification reactions from one 
representative experiment. 



partial agonist activity (Fig. 5A). Significant regulation 
of ERa-target gene expression occurred at physiolog- 
ical concentrations of 27HC (0.5-1 /lm). 

ERa is able to regulate gene expression in a direct 
manner through its interaction with an ERE and by 
indirect mechanisms through interactions with Fos 
and Jun at AP1 elements and with Sp1 at GC-rich 
motifs (22, 23). Given that the SERM 40HT is able to 
activate transcription of ERa-target genes under con- 
trol of an AP1 element but not those under control of 
an ERE (24), we asked whether 27HC exhibited any 
selectivity with respect to the expression of genes 
using these two modes of ER-mediated transcriptional 
regulation. Interestingly, we found that 27HC regu- 
lated target gene expression at 1) classical EREs pS2 
(trefoil factor 1) and WISP2 (WNT1 -inducible signaling 
pathway protein 2), 2) AP1 elements ERBB4 (v-erb-a 
erythroblastic leukemia viral oncogene homolog 4) and 
PR (progesterone receptor), and 3) Sp1 sites PR and 
E2F1 (E2F transcription factor 1) (Fig. 5A) (25-30). 
Therefore, with respect to this activity of ERa, 27HC 
most closely resembled E2. 

In addition to gene expression, we also analyzed the 
expression of progesterone receptor (PR) protein, a 
robust surrogate marker for ER activation. As ex- 
pected, there was an increase in PR protein beginning 
at 4 h and increasing through 24 h upon treatment with 
E2 (Fig. 5B). A similar pattern was observed when the 
cells were treated with 27HC, albeit with a slight tem- 
poral delay. As a control, treatment with 40HT did not 
affect PR protein expression. 

Although the most studied ERa transcriptional tar- 
gets are up-regulated by treatment with E2, many 
genes important for growth, differentiation, and sig- 
naling are down-regulated upon treatment with E2. 
These include the growth factor receptor ERBB4, 
IL1-R1, SMAD3, and Id2 (31). Importantly, these E2 
down-regulated genes underwent a similar de- 
crease in transcript level upon treatment with 27HC 
(Fig. 5A and data not shown), although the kinetics 
were not identical to that observed in E2-treated 
cells. It appeared that 27HC may be more active in 
down-regulating than in up-regulating ERa-target 
genes, which was not surprising considering the 
27HC-ERa complex recruited peptides containing 
the CoRNR box motif found in corepressors more 
efficiently than E2-ERa. Similar transcriptional re- 
sponses were observed in E2- or 27HC-treated 
T47D breast cancer cells (Fig. 5C). We also demon- 
strated in both cell lines that target gene induction 
by E2 and 27HC was abrogated by cotreatment with 
the pure antagonist ICI (Fig. 6 and data not shown). 
Cumulatively, these data confirm that 27HC is work- 
ing through ERa in these breast cancer cell lines and 
that pharmacologically, it closely resembles E2. 

27HC Induces ERa Protein Degradation 

One hallmark of ERa agonists is their ability to induce 
receptor turnover. Treatment with E2 leads to ERa 
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Fig. 5. 27HC Has Agonist Activity on Endogenous ERa-Target Genes in Breast Cancer Cells 

Expression of ERa-target genes was measured by qRT-PCR in ERa-positive MCF7 (A) and T47D (C) breast cancer cells. MCF7 
cells were treated with vehicle or increasing concentrations of E2 or 27HC for either 8 h (SDF-1 , PR, pS2, and E2F1 ) or 24 h (WISP2 
and ERBB4). T47D cells were treated with vehicle (Veh), 1 nM E2, 1 /am 27HC, 100nM4OHT, or 100 nM ICI 182,780 (ICI) for either 
8 h (SDF-1) or 24 h (pS2), After treatment, cells were harvested, total RNA was isolated, and cDNA was prepared for use as a 
template for gene expression analysis. All values were normalized to the housekeeping gene 36B4. Data are presented as the fold 
induction over vehicle. Data are the mean ± sem of triplicate amplification reactions from one representative experiment that was 
repeated with similar results three independent times. B, Expression of PR was analyzed by Western blotting in MCF7 cells. Cells 
were treated with vehicle (V), 1 nM E2, 1 0 27HC, or 1 00 nM 40HT for 1,4,8, or 24 h. Cells were harvested, and 50 ^g whole-cell 
extract was resolved by SDS-PAGE, transferred to nitrocellulose, and subjected to immunoblotting for PR or cytokeratin 1 8 as 
a loading control. A representative blot is shown. 



degradation, an event that is linked to transcriptional 
activity (32-34). Therefore, we evaluated the ability of 
27HC to regulate ERa turnover. In MCF7 cells, we de- 
termined that treatment with 27HC led to a decrease in 
ERa protein levels over 24 h (Fig. 7A). The percent ERa 



protein remaining is depicted in Fig. 7B, where it is evi- 
dent that 27HC is again acting similarly to E2, and mech- 
anistically distinct from 40HT. 27HC does not induce 
degradation of ERa as robustly as E2, most likely reflect- 
ing the partial agonist activity of 27HC. 
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Fig. 6. Activation of ERa by 27HC Is Suppressed by the 
Pure Antagonist I CI 

Expression of the ERa target genes pS2, SDF-1, WISP2, and 
PR was measured by qRT-PCR in MCF7 celts. Cells were treated 
with vehicle (Veh), 1 nM E2, or 1 jxm 27HC in the presence or 
absence of 100 nwi ICI. After 8 or 24 h, the cells were harvested, 
total RNA was isolated, and cDMA was prepared for use as a 
template for gene expression analysis. All values were normalized 
to the housekeeping gene 36B4. Data are presented as the fold 
induction over vehicle. Data are the mean ± sem of triplicate am- 
plification reactions from one representative experiment. 



The coactivator AIB1 has been shown to be re- 
quired for E2-mediated ERa degradation but not for 
ICI-mediated degradation (35). Therefore, we inves- 



tigated the importance of AIB1 in 27HC-induced 
ERa degradation. Using small interfering RNA 
(siRNA) technology, we knocked down AIB1 expres- 
sion and analyzed ERa protein levels after 8 h of 
ligand treatment (Fig. 7C). As with E2, AIB1 is re- 
quired for 27HC-mediated ERa degradation, sug- 
gesting that the mechanisms of E2- and 27HC-in- 
duced ERa turnover are likely very similar. 

MCF7 Cells Proliferate in Response to 27HC 

Treatment of ERa-positive breast cells with E2 leads 
to the induction of Cyclin D1 expression and a sub- 
sequent increase in the number of cells in S-phase 
(36). Using qRT-PCR, we show that, similar to E2, 
24 h of 27HC treatment led to a robust induction in 
Cyclin D1 expression (Fig. 8A). Not surprisingly, we 
also demonstrated that, like E2, 27HC increased the 
number of cells cycling through S-phase (Fig. 8B). 
Because 27HC acted as an ERa partial agonist, we 
hypothesized that the same behavior would be ob- 
served in a bromodeoxyuridine (BrdU) labeling as- 
say. As shown in Fig. 8B, cotreatment of cells with 
27HC and E2 led to a dose-dependent decrease in 
BrdU incorporation to a level that represented the 
maximal activity of 27HC. Finally, we determined 
that treatment over 6 d with either E2 or 27HC led to 
a dose-dependent increase in cell number com- 
pared with vehicle (Fig. 8C). Furthermore, increasing 
concentrations of 27HC suppressed E2-mediated 
proliferation, an activity reflecting its partial agonist 
activity. We conclude therefore that the partial ag- 
onist activity of 27HC observed at the level of gene 
expression is also manifest at the level of cell 
proliferation. 



DISCUSSION 

We show that 27HC is an endogenous SERM that 
displays significant partial agonist activity in a variety 
of cellular models of ER action. As expected for a 
SERM, the relative estrogenic activity of 27HC varied 
when assessed on different endpoints. Interestingly, 
however, the pharmacological activity of 27HC most 
closely resembles E2 in all systems studied. Both li- 
gands activate the transcriptional activity of ERa, as 
seen in both exogenous reporter assays and in qRT- 
PCR analysis of target gene expression. Additionally, 
both 27HC and E2 induce recruitment of ERa to DNA 
response elements and trigger ligand-mediated re- 
ceptor degradation, an event that is dependent on 
AIB1. Of specific importance was the observation that 
27HC, like E2, induces the proliferation of ERa-posi- 
tive breast cancer cells in vitro. In all these instances, 
however, 27HC does not exhibit full agonist activity 
but rather displays classic partial agonist behavior. 
This is readily apparent in both transcription and pro- 
liferation assays where 27HC can antagonize the E2- 
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A 

V E2 27HC 40HT 



Time(h) 1 4 8 24 1 4 8 24 1 4 8 . 24 




Fig. 7. Degradation of 27HC-Bound ERa Required AIB1 

A, Ligand-mediated degradation of ERa was examined in MCF7 cells treated for 1, 4, 8, or 24 h with vehicle (V), 1 nM E2, 10 
jiM 27HC, or 100 nM 40HT. Celts were harvested, and 50 whole-cell extract was resolved by SDS-PAGE, transferred to 
nitrocellulose, and subjected to immunoblotting for ERa or cytokeratin 18 as a loading control. B t Quantitation of the data in A. 
Images were scanned and the bands were quantitated using Image J software. Percent ERa protein remaining was not different 
with vehicle treatment or 1 h ligand treatment. C, The requirement for AIB1 in 27HC-mediated ERa degradation was determined 
by transiently transfecting MCF7 cells with siRNA to AIB1 (siAIBI) or siRNA control (siControl). After 48 h, cell were treated for 
8 h with vehicle (V), 1 nM E2 (E), 10 jllm 27HC (H), 100 nM 40HT (T), or 100 nM ICI (I). Cells were harvested, and whole-cell extract 
was resolved by SDS-PAGE, transferred to nitrocellulose, and subjected to tmmunobiotting for AIB1, ER« ( or cytokeratin 18. A 
representative blot is shown. 



induced activation of ERa. The fact that 27HC has 
similar, yet distinct, behavior from E2 is highlighted by 
the apparent differences in the structure of the ERa-E2 
and ERa-27HC complexes as seen in the peptide- 
binding studies. Specifically, we were able to show 
using these peptide-binding studies that 27HC-acti- 
vated ERa adopts a structure that shares features in 
common with both E2- and 40HT-activated ERa. 
Thus we believe that our findings support the idea that 
27HC is similar in function to, yet distinct from, E2 in its 
ability to regulate ER activity in a variety of validated 
models of estrogen action and that its overall activity is 
consistent with it being classified as a SERM. We plan 
to investigate whether oxysterols other than 27HC 
have similar actions in terms of ER regulation. 

We were intrigued by the apparent tissue-specific 
action of 27HC, given our finding that 27HC has ago- 
nist activity in breast cancer cells and the previous 
observation that it manifests antagonistic activity in 
the cardiovascular system. Tissue-specific agonist 
and antagonist actions are classically thought to arise 
from differential cofactor expression; therefore, it will 
be interesting to compare the cofactor preferences of 
27HC-bound ERa in the breast vs. the vasculature. 
The fact that we were able to identify peptides that 
interacted in a highly specific manner with ERa in the 
presence of 27HC suggests that there are distinct 
protein-protein interaction surfaces presented on ERa 
in the presence of this ligand. Defining how this influ- 
ences the differential recruitment of cofactors is an 
area of investigation that is currently underway. 



27HC as an Endogenous ERa Ligand 

In the past, our laboratory and others have generated 
ER-indicator mice wherein ERE-/3-galactosidase or 
ERE-luciferase reporters are introduced transgenically 
(37-39). In these mice, it was reported that there was 
a significant level of E2-independent activation of ER- 
reporter activity that was blocked by treatment with ICI 
(37, 38). This basal activity is currently attributed to 
ligand-independent activation of ER. However, it is 
interesting to speculate that the presence of 27HC, or 
a similar oxysterol, may be responsible for this basal 
ER-reporter activity, a hypothesis that could be tested 
by administration of specific CYP27A1 inhibitors (40) 
or by crossing the CYP27A1 knockout mouse with 
these ER-indicator mice and examining whether the 
basal activity is eliminated. These studies are currently 
planned in our laboratory. 

Biological Significance of 27HC Action in 
Inflammation and Breast Cancer 

In the breast, and specifically in breast cancer, E2 is a 
mitogen through its actions on ERa (41-43). We dem- 
onstrate that 27HC induces proliferation of ERa-pos- 
itive breast cancer cells and that this proliferation cor- 
relates with increased Cyclin D1 expression and 
accumulation of cells in the S-phase of the cell cycle. 
This finding has important implications with respect to 
the treatment of ERa-positive breast cancers, partic- 
ularly those treated with aromatase inhibitors. Al- 
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Fig. a 27HC Activated Cyclin D1 Expression Jncreased Entry into 
S-Phase, and Induced Proliferation of Human Breast Cancer Cells 
A, Expression of Cyclin D1 was measured by qRT-PCR in 
MCF7 cells. Cells were treated as described in Fig. 5A. Data are 
the mean ± sem of triplicate amplification reactions from one 
representative experiment. B, Increase in S-phase entry was 
quantitated in MCF7 cells treated for 24 h with vehicle (Veh) or 
increasing concentrations of E2 or 27HC or a combination of 
both as indicated. Cells were harvested and assayed for BrdU 
incorporation per manufacturer's protocol. Data are presented 
in relative light units (RLU) and represent the mean ± sem for one 
representative experiment performed in triplicate. C f Increase in 
cell number was measured in MCF7 cells treated for 6 d with 
vehicle (Veh) or increasing concentrations of E2 or 27 HC or a 
combination of both as indicated. At the end of 6 d, cells were 
harvested and assayed for dsDNA content to assess cell num- 
ber. Data are the mean ± sem for one representative experiment 
performed in triplicate. 



though these therapies are extremely successful, re- 
sistance by an as yet unknown means is a significant 
clinical issue (44). Given that many of these tumors 
with acquired resistance continue to rely on ERa, we 
suggest that the ability of 27HC to regulate prolifera- 
tion may be a contributing factor. In this way, 27HC 
may act as an alternate estrogenic ligand that mani- 
fests its agonist behavior in a low-estrogen 
environment. 

We examined microarray data from human breast 
tumor samples and found a trend between CYP7B1 
expression and disease-free survival. Among those 
patients with ERa-positive breast tumors, increased 
expression of CYP7B1 was associated with an in- 
crease in disease-free survival. No such correlation 
was observed in patients with ERa-negative breast 
tumors. These findings support our hypothesis that 
27HC plays an important role in the development 
and/or progression of ERa-positive breast cancer. 
Specifically, CYP7B1 metabolizes 27HC such that in- 
creased expression of CYP7B1 would facilitate the 
conversion of 27HC to downstream products, lower- 
ing local concentrations of 27HC. It would be antici- 
pated, therefore, that ERa-positive breast tumors with 
lower CYP7B1 expression, and therefore higher 27HC 
levels, would have a growth advantage over those with 
lower expression, especially in situations of low 
estrogen. 

Interestingly, macrophages exhibit a very high ca- 
pacity to produce 27HC. This is interesting in light of 
the observation that an increased number of tumor- 
infiltrating macrophages is an independent risk factor 
for reduced survival for breast cancer patients (14). 
Many hypotheses exist as to how tumor-infiltrating 
macrophages are co-opted to enter the tumor micro- 
environment and how they increase tumorigenic be- 
havior (45-47). However, a potential explanation stem- 
ming from our findings is that increased macrophage 
presence in breast tumors elevates the local 27HC 
concentration and subsequently the activation of ER. 
Although estrogens have an established role in mod- 
ulating the inflammatory response through repression 
of cytokine production in macrophages (48), their pri- 
mary contribution in the etiology of breast cancer is 
considered to be their ability to function as mitogens. 
Thus, we hypothesize that the primary action of 27HC 
in the context of breast cancer is to induce cell prolif- 
eration through activation of ER. 

There is an increased risk for breast cancer in obese 
individuals (49, 50) that has been linked to increased 
aromatase activity and resultant estrogen production 
in adipose tissue (51 , 52). In a healthy individual, 27HC 
levels decline alongside estrogen levels during meno- 
pause (53). However, circulating levels of 27HC cor- 
relate well with cholesterol levels, and obesity often 
coincides with increased cholesterol levels (54). Thus, 
this increased level of 27HC in an obese postmeno- 
pausal woman may also contribute to the develop- 
ment of breast cancer through the potential mitogenic 
actions of 27HC in the breast. 
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The fact that macrophages, epithelial cells, and en- 
dothelial cells produce 27HC, which can exit the cell 
and enter the systemic circulation, raises the possibil- 
ity that 27HC has a more global function in regulating 
the activity of ERa and ER/3 than just acting as a partial 
agonist in the breast and the cardiovascular system. 
ERa and ERjS are expressed in many other tissues, 
including the liver, bone, lung, and reproductive tract. 
How 27HC functions to regulate ER activity in these 
tissues, both in the presence of high estrogen in a 
premenopausal female and in a low-estrogen environ- 
ment, remains to be evaluated. 



MATERIALS AND METHODS 



Biochemicals 

PGR reagents were obtained from Bio-Rad (Hercules, CA). E2 
and 4-OHT were purchased from Sigma Chemical Co. (St. 
Louis, MO). 27-HC was purchased from Research Plus, inc. 
(Manasquan, NJ). ICI was a kind gift from Dr. A. Wakeling 
(Zeneca Pharmaceuticals, Macclesfield, UK). Raloxifene was 
a kind gift from Dr. E. Larson (Pfizer, Inc., Groton, CT). PCR 
oligos were purchased from Integrated DNA Technologies 
(Coralville, IA). Cell Proliferation ELISA BrdU kit was obtained 
from Roche Applied Science (Indianapolis, IN), and the Flu- 
oReporter Blue Ruorometric dsDNA Quantitation kit was ob- 
tained from Invitrogen (Carlsbad, CA). 

Plasmtds 

pcDNA3.1nv5-ERa is a cytomegalovirus (CMV)-driven ex- 
pression plasmid containing amino acids 1-595 of human 
ERa with an N -terminal v5 tag. It was constructed by PCR 
subcloning full-length ERa from pVP16-ERa (16) and entered 
into pENTR-TOPO (Invitrogen) to create pENTR-TOPO-ERa, 
which by LR reaction (recombination between attL and attR 
sites) into pCDNA3.1nv5-DEST (Invitrogen) yielded 
pCDNA3.1 nv5-ERa. A plasmid expressing ERa as a fusion to 
the yeast VP16 transactivation domain was used in mamma- 
lian two-hybrid assays (pVP16-ERa) and has been previously 
described (1 6). The bait peptides are expressed as fusions to 
the Gal4DBD. GRIP1-NR, SRC1-NR, and D30 have been 
previously described (16). bl2 and bT1 were described else- 
where (1 7). AIB1 -NR contains amino acids 621-821 of human 
AIB1. ASC2-NR contains amino acids 746-917 of human 
ASC2. These fragments were identified in an unrelated 
screen performed in our laboratory. The 3XERE-TATA-Luc 
(55) and the 5XGal4Luc3 (1 6) reporters have both been pre- 
viously described. 

Mammalian Cell Culture and Transient Transfection Assays 

All cell lines were obtained from American Type Culture Col- 
lection (Manassas, VA). HeLa (human cervical adenocarci- 
noma) and HepG2 (human hepatocellular carcinoma) cells 
were maintained in MEM (Invitrogen) supplemented with 8% 
fetal bovine serum (Hyclone Laboratories, Logan, UT), 1 mM 
sodium pyruvate, and 0.1 mM nonessential amino acids (In- 
vitrogen). MCF7 (human breast adenocarcinoma) cells were 
maintained in DMEM/F1 2 (Invitrogen) supplemented with 8% 
fetal bovine serum, 1 mM sodium pyruvate, and 0.1 mM 
nonessential amino acids. All cell lines were grown in a 37 C 
incubator with 5% C0 2 . 

HeLa cells were used for transactivation assays. For tran- 
sient transfections, cells were plated in phenof red-free media 



containing 8% charcoal-stripped serum (Hyclone), 1 mM so- 
dium pyruvate, and 0.1 mM nonessential amino acids in 24- 
well plates 24 h before transfection. Lipofectin-mediated (In- 
vitrogen) transfection has been described in detail previously 
(56). Briefly, a DNA-Lipofectin mixture containing a total of 2 
iutg plasmid for each triplicate sample was added to the cells. 
Each triplicate sample contained 0.1 iig pCMV-]3gal, 1.5 /ig 
3XERE-TATA-Luc, 5 ng pCDNA3.1nV5-ERa, and 0.395 ^9 
pCDNA3.1 nV5-DEST filler vector. Ligands were added to the 
cells 24 h after transfection, and cells were assayed after 
overnight treatment. Luminescence and /3-galactosidase ac- 
tivity were measured on a Fusion luminometer (PerkinElmer, 
Waltham, MA). Results are expressed as normalized lucif- 
erase activity (normalized to /3-galactosidase for transfection 
efficiency) for one representative experiment performed in 
triplicate. Error bars indicate the sem for the triplicate wells. 

HepG2 cells were used for mammalian two-hybrid assays. 
Cells were plated in 24- well plates 24 h before transfection in 
phenol red-free media containing 8% charcoal-stripped se- 
rum, 1 mM sodium pyruvate, and 0.1 mM nonessential amino 
acids. A DNA-Lipofectin mixture containing a total of 3 i±g 
plasmid for each triplicate sample was added to the cells, 
where each triplicate sample contained 0.1 ^g pCMV-j3gal, 
1 .5 hq 5XGal4Luc3, 0.4 j*g VP16-ERa, and 1 ^g pM-peptide. 
Ligands were added to the cells 24 h after transfection, and 
cells were assayed after overnight treatment. Luminescence 
and 0-galactosidase activity were measured as above. 

RNA Isolation and qRT-PCR 

For RNA analysis, MCF7 or T47D cells were seeded in six- 
well plates in phenol red-free media containing 8% charcoal- 
stripped serum, 1 mM sodium pyruvate, and 0.1 mM nones- 
sential amino acids. After 48 h, cells were treated with the 
appropriate ligand. After the indicated time period, cells were 
harvested and total RNA was isolated using the Aurum Total 
RNA Mini Kit (Bio-Rad). One microgram of RNA was reverse 
transcribed using the iScript cDNA synthesis kit (Bio-Rad). 
The Bio-Rad iCycler Realtime PCR System was used to 
amplify and quantitate levels of target gene cDNA. qRT-PCR 
were performed with 1 /J cDNA, 1 0 /am specific primers (see 
Table 1 for sequences), and iQ SYBR Green Supermix (Bio- 
Rad). Data are normalized to the 36B4 housekeeping gene 
and presented as fold induction over vehicle. Data are the 
mean ± sem for triplicate amplification reactions from one 
representative experiment. Each experiment was repeated at 
least three independent times with very similar results. 

Cell Proliferation Assays 

For both cell proliferation and BrdU-incorporation assays, 
MCF7 cells were seeded at 5000 cells per well in 96-well 
plates on d 0 in phenol red-free DMEM/F12 media containing 
8% charcoal-stripped serum, 1 mM sodium pyruvate, and 0.1 
mM nonessential amino acids. On d 2, the media were re- 
placed with serum- and phenol red-free media for 24 h. For 
proliferation assays, cells were treated with ligands on d 3 
and 5 in media containing 8% charcoal-stripped serum. On d 
6, cell proliferation was measured using the FluoReporter 
Blue Fluorometric dsDNA Quantitation Kit (Invitrogen) ac- 
cording to the manufacturer's instructions. For BrdU assays, 
the cells were treated on d 3 with ligand for 22 h, at which 
time the BrdU labeling reagent was added for 3 h. Cells were 
then assayed according to the manufacturer's protocol. For 
both assays, data are presented as the mean ± sem for 
triplicate wells in one representative experiment. Each exper- 
iment was repeated at least three independent times with 
very similar results. 
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Table 1. Primer Sequences 



Gene Primer Sequences 



SDF-1 




Forward 


GTGGTCGTGCTGGTCCTC 


Reverse 


GATGC TTGACGTTGGC TC TG 


PR 




Forward 


GCATCGTTGATAAAATCCGCAG 


Reverse 


AATCTCTGGCTTAGGGCTTGGC 


pS2 




Forward 


TCCCCTGGTGCTTCTATCCTAATAC 


Reverse 


GCAGTCAATCTGTGTTGTGAGCC 


E2F1 




Forward 


ACGTGACGTGTCAGGACCT 


Reverse 


GATCGGGCCTTGTTTGCTCT 


WISP2 




Forward 


TGAG AGGC AC AC C G AAG AC 


Reverse 


AC AGC C ATC C AGC AC C AG 


ERBB4 




Forward 


GAGAAGATTCTTGGAAACAGAG 


Reverse 


GGATGATCCATACTTGCCAT 


Cyclin D1 




Forward 


CAACTTCCTGTCCTACTACC 


Reverse 


CTCCTCCTCCTCCTCTTC 


36B4 




Forward 


GGAC ATGTTGC TGGCC AATAA 


Reverse 


GGGCC CGAG AC C AGTGTT 



Western Blotting 

MCF7 cells were seeded in six- well plates in phenol red-free 
media containing 8% charcoal-stripped serum, 1 idm sodium 
pyruvate, and 0.1 mM nonessential amino acids. For ERa 
degradation and protein expression studies, cells were 
treated after 48 h with ligand for the indicated time. For siRNA 
experiments, cells were plated in the presence of 40 nM 
siAIBI or siRNA control (Stealth siRNA; Invitrogen) using 
DharmaFECT-1 (Dharmacon, Lafayette, CO) as a transfection 
reagent. After 48 h of protein knockdown, the cells were 
treated for 8 h with vehicle, 1 nM E2, 10 fiM 27HC, 100 nM 
40HT, or 100 nM ICI. In both experiments, whole-cell extracts 
were isolated using RIPA buffer [50 mM Tris-HCI (pH 7.5), 150 
mM NaCI, 0.1% Nonidet P-40 (NP40), 0.5% sodium-deoxy- 
cholate, 0.05% SDS, 1 mM EDTA, and 1 x protease inhibitor 
mixture (EMD Chemicals, Inc., San Diego, CA)]. Whole-cell 
lysate (50 jug) was resolved by SDS-PAGE and transferred to 
a nitrocellulose membrane. ERa was detected using mono- 
clonal mouse antibody D12, cytokeratin 18 with the mouse 
monoclonal antibody DC-10, and AIB1 with the goat poly- 
clonal antibody C-20 (all from Santa Cruz Biotechnology, 
Santa Cruz, CA). PR was detected using the mouse mono- 
clonal antibody PR1294 (a kind gift from Dr. D. P. Edwards, 
Baylor College of Medicine, Houston, TX). Secondary anti- 
bodies were purchased from Bio-Rad. The scanned images 
of chemiluminescence were quantitated using Image J 
software. 

M13 Phage Screen 

The M13 phage panning protocol has been previously de- 
scribed (16). Modifications to the original protocol are as 
follows. We used 4 pmol recombinant ERa (Affinity BioRe- 
agents, Golden, CO). Approximately 10 7 plaque-forming 
units of phage libraries were added to each well for the 
panning process. Four rounds of panning were performed, 
with PCR being used to recover peptide inserts from the 
fourth round, which showed significant enrichment of target 



binding phage. The PCR products were digested with X/?o1 
and X6a1 for ligation into the expression vector pM5.1 for 
mammalian two-hybrid assays. 

Chromatin Immunoprecipitation 

MCF7 cells were grown to 90% confluence in 15-cm dishes 
in phenol red-free DMEM/F12 supplemented with 8% char- 
coal-stripped serum, 1 mM sodium pyruvate, and 0.1 mM 
nonessential amino acids for 3 d, after which the cells were 
serum starved for 24 h. After treatment with vehicle, 100 nM 
E2, or 10 /am 27HC for 45 min, the cells were fixed with 1% 
formaldehyde for 10 min at room temperature. The reaction 
was stopped with 250 mM glycine by incubation at room 
temperature for 5 min. Ceils were then washed with ice-cold 
PBS, harvested in ice-cold PBS, and centrifuged for 5 min. 
The cell pellet was washed twice with ice-cold PBS before 
being lysed in 1 ml RIPA buffer [50 mM Tris-HCI (pH 7.5), 150 
mM NaCI, 0.1% NP40, 0.5% sodium deoxycholate, 0.05% 
SDS, 1 mM EDTA, and 1x protease inhibitor mixture) by 
sonication (13 times for 13 sec each at setting 7; Misonix 
Microson Ultrasonic Cell Disruptor XL), followed by centrifu- 
gation for 1 5 min at 14000 rpm. Supernatants were collected, 
diluted in RIPA buffer, and immunocleared in 100 ix\ Protein 
A/G-PLUS-Agarose beads [50% slurry in 10 mM Tris-HCI (pH 
8.0), 1 mM EDTA, 200 jig/ml sonicated salmon sperm DNA, 
and 500 jug/ml BSA] for 30 min at 4 C. Immunoprecipitation 
was performed for 3 h at 4 C with 10 /u,g ERa-specific anti- 
body (H-184; Santa Cruz Biotechnology) or 10 /xg rabbit IgG 
control. After immunoprecipitation, 100 /il Protein A/G- 
PLUS-Agarose beads [50% slurry in 10 mM Tris-HCI <pH 8.0), 
1 mM EDTA, 200 /ig/ml sonicated salmon sperm DNA, and 
500 /ig/ml BSA] was added and allowed to incubate over- 
night at 4 C. Precipitates were sequentially washed twice for 
5 min each with the following: buffer A [50 mM HEPES (pH 
7.8), 140 mM NaCI, 1 mM EDTA, 1% Triton X-100, 0.1% 
sodium deoxycholate, 0.1% SDS, and 1 x protease inhibitor], 
buffer B [50 mM HEPES (pH 7.8), 500 mM NaCI, 1 mM EDTA, 
1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 
and 2x protease inhibitor], buffer C [20 mM Tris-HCI (pH 8.0), 
1 mM EDTA, 250 mM LiCI, 0.5% NP40, 0.5% sodium deoxy- 
cholate, and 1x protease inhibitor], and Tris-EDTA (10 mM 
Tris-HCI and 1 mM EDTA). Precipitates were eluted twice in 
50 mM Tris-HCI (pH 8.0), 1 mM EDTA, and 1% SDS by 
incubation at 65 C for 1 0 min, and then the cross-linking was 
reversed by addition of 230 mM (final concentration) NaCI and 
incubation at 65 C overnight. DNA was isolated with a QIA- 
quick PCR Purification kit (QIAGEN, Valencia, CA). qRT-PCR 
were performed with 1 ^l immunoprecipitated DNA, 10 /im 
specific primers, and iQ SYBRGreen Supermix (Bio-Rad). 
Data are normalized to the input for the immunoprecipitation. 
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